ABSTRACT We studied how substrate availability and dispersal ability inßuence the distribution pattern of a saproxylic beetle, Spasalus crenatus (MacLeay) (Coleoptera: Passalidae), in a subtropical forest. Members of this species consume deadwood and contribute to material cycling in forests. We tested two hypotheses to explain abundance and distribution patterns of S. crenatus in Puerto Rico: 1) substrate availability of fallen trunks limits the establishment of colonies (resource hypothesis) and 2) dispersal ability of the beetles limits their distribution (dispersal hypothesis). To test these hypotheses, we performed one Þeld and one experimental study. In the Þeld study, we examined the species composition of fallen trunks, bark density, and presence of bess beetle colonies in 16 transects (60 by 10 m) in the Luquillo Experimental Forest. The Þeld results suggest that beetles have limited mobility and that they have preference for colonizing some species and avoiding other species. In the experimental study, we examined mobility and substrate association of S. crenatus. We placed three trunk species at various distances to observe colonization by experimental individuals. Beetles colonized trunks near the release point, with preference for harder woods. Both hypotheses are supported; availability of resources and dispersal ability contribute to the distribution pattern of this beetle in Puerto Rico. We discuss the results in light of evolutionary pressures underlying island ecology. In addition, understanding population dynamics of S. crenatus on an island will enable comparisons with mainland populations.
Fallen tree trunks are one of the most important habitats in tropical forests (Brown and Lugo 1982) , and they are the main habitat for saproxylic organisms. Together, they play a key role in forest dynamics (Grove 2002) , with the trunks providing habitats and saproxylic organisms speeding up the decomposition rate of fallen trunks (Rodrṍguez 1985 , Castillo and Moró n 1992 , Castillo and Reyes-Castillo 2003 .
Substrate association and dispersal ability inßuence abundance and distribution of organisms (Hewitt and Butlin 1997, Roslin and Koivunen 2001) . Dispersal and habitat selection are affected by the size, shape, and physical structure of the habitat, and in some species, by social structure and population density of the organism (Ims and Yoccoz 1997) . Fallen tree trunks represent short-lived patches over a large time scale; that is, they last between 5 and 50 yr (Forman 1995) , depending on decomposition rates (Kruys et al. 2002) . However, for insects that live no longer than 1 to 2 yr, fallen trunks are stable habitats (Pearse et al. 1936 , Gray 1946 , Schuster 1978 , Lobo and Castillo 1997 , Castillo and Reyes-Castillo 1997 .
In Puerto Rico, Spasalus crenatus (MacLeay), "bess beetles," and decaying tree trunks provide an excellent model for the study of dispersal and substrate associations because this species is the only species in the family Passalidae found in Puerto Rico (GalindoCardona 2003) , and these beetles are easily identiÞ-able. Bess beetles are an important part of the wood decaying macro fauna of tropical forests (Castillo and Moró n 1992) . S. crenatus is found in French Guyana, Surinam, Guadeloupe, Martinica, Dominica, Dominican Republic, and Virgin Islands (Gemminger and von Harold 1868; Hincks and Dibb 1935; Bruch 1942; Chalumeau 1977 Chalumeau , 1983 Reyes-Castillo et al. 1995; Ivie and Gillogly 2007) . Adult S. crenatus are black, ßat, have a body length of Ϸ25 mm, and live between the bark and the hardwood of trunks.
Although there are studies of insect movements in landscapes, only a few have examined moving saproxylic insects, and all studies have been conducted in temperate and boreal forests (Nilssen 1984 , Jonsell et al. 1999 , Ranius and Hedin 2001 , Jonsson 2003 , Jonsell et al. 2003 ). In addition, dispersal studies of nonpest saproxylic beetles are rare (but see Jonsell et al. 1999 , Ranius and Hedin 2001 , Jonsson 2003 , Jonsell et al. 2003 . In boreal zones, decomposition rates are slow (Krankina and Harmon 1995, Kruys et al. 2002) , and we may Þnd an insect fauna different from those in a tropical zone (Castillo and Reyes-Castillo 2003) .
In the tropics, there are no previous studies of the dispersal and distribution of bess beetles. We hypothesized that the abundance and distribution pattern of S. crenatus are determined by the availability of fallen dead trunks (resource hypothesis). Alternatively, abundance and distribution might be limited by dispersal ability (dispersal hypothesis). To test these hypotheses, two different studies were conducted at Luquillo Experimental Forest (LEF) in Puerto Rico, West Indies. In the Þeld study, we recorded the substrate associations and measured the frequency of colonization in fallen trunks. Preference for trunks of some species and limited dispersal from maternal colony would support the resource hypothesis. No trunk selectivity and capability to disperse far from the maternal colony would support the dispersal hypothesis. Because bark is the Þrst obstacle beetles must pass to colonize, we collected bark samples from fallen tree trunks within the Luquillo Forest Dynamic Plot (LFDP), and we measured the effect of bark density on S. crenatus colonization. In the experimental study we performed a controlled Þeld experiment to examine the effect of distance and trunk species on colonization. The different fallen trunk species were placed at different distances from the experimental beetles. Colonization preference for some fallen trunk species and limited movement from release point would support resource hypothesis. Indiscriminate colonization and unlimited movement would support the dispersal hypothesis. These experiments simulated colonization after a disturbance such as colonized fallen trunks being broken by falling trees or being ßooded as a result of hurricanes, heavy rains, or both. Such disturbances may cause adult passalids inside trunks to leave and colonize other trunks. We discuss the behavioral ecology implications of our Þndings as well as their relevance to our understanding of tropical forest ecology.
Materials and Methods
Study Site. Both the Þeld and the experimental studies were conducted in LEF (18Њ 13Ј N, 65Њ 81Ј W) (Fig. 1) , a permanent parcel for long-term studies of forests dynamics that can be classiÞed as a subtropical wet forest (Ewel and Whitmore 1973) . The Þeld study consisted of gathering information from the 16-ha long-term LFDP within the LEF. The LFDP is divided into 20-by 20-m subplots, and all trees and recently fallen trunks are marked with numbered aluminum tags that allow researchers to know tree identity, map position, and diameter at breast height. Data collected in our study included the state of decomposition of the wood, bark density, species identiÞcation of fallen trunks, and presence of S. crenatus. Field Study. Fieldwork was conducted during December 2000. Iterative sampling and power tests were used to determine the number of transects required to have a representative number of fallen tree trunks with beetle colonies. Sixteen 60-by 10-m transects were established in the LFDP (Fig. 1) . In each transect, all trunks that had fallen after the 1993Ð1996 census of the LFDP were sampled.
Because S. crenatus starts building galleries in the bark and places the new colonies between the bark and the hardwood (i.e., subbark; A.G.-C., personal observation), we took three bark samples (4 by 4 by 0.5 cm) from 20 trunks representing 14 species. We correlated measured bark densities (Torres 1994 ) of these samples with wood density of live tropical trees reported by Reyes et al. (1992) to examine the relationship between core and bark densities. Samples were dried and weighed as described in Torres (1994) .
Colonization signs such as holes, sawdust, and bark swelling in fallen tree trunks were used as indicators of beetles, and the presence of colonies was conÞrmed by opening the bark of tree trunks with such signs. Colonies on the same trunk were considered as independent if separated by at least 3 m because maximum reported gallery length is 1.5 m (M. L. Castillo personal communication). Sampling was done by lifting the bark and searching for galleries. Data collected included trunk species, trunk length, decomposition level (four categories, from soft to hard; Dajoz 1974 , Lozano 1996 , bark density, and presence of passalid colonies. Data on abundance and species identiÞca-tion of fallen trunks were used to characterize resource availability.
Substrate availability hypothesis predicts passalids will prefer certain trunk species over other species. To determine bess beetles preference for trunk species and bark density, we used a G-test (Koehler and Larntz 1980 as cited in Zar 1984) . Koehler and Larntz (1980 as cited in Zar 1984) suggest the test is applicable when k Ն 3, N Ն 10, and N 2 /k Ն 10, where k are groups, N are events, and N 2 /k is criterion. In our case, k represents the tree species, and N is the number of fallen trunks (k ϭ 7, N ϭ 29, and N 2 /k ϭ 120). In this analysis, we considered only the most abundant species in the forest. We assumed that because of their sheer numbers they had a higher probability of being colonized than did the less abundant species.
The dispersal ability hypothesis predicts if dispersal is limited, beetle colonies would have a clumped distribution. To test the degree of clumping of the colonies in the Þeld, we used the negative binomial model (Zar 1984, Quinn and Keough 2002) , and we tested the goodness-of-Þt with a KolmogorovÐSmirnov test. For this test our sampling unit was the trunk. All statistical analyses were done with STATISTICA for Windows (StatSoft 1999) and JMP5 for Windows (SAS Institute 2002) .
Experiment. To test our hypotheses in a controlled experiment, distances between trunks and trunks species were controlled, and between July 1999 and December 2000, we ran three trials (each lasting 3 mo) of an experiment at El Verde Research Area. This experiment tested the colonization potential, after disturbance of an established colony. In our experimental design, we took into account the dispersal movement of beetles and their preference for some trunk species.
Using a total of 192 trunks from three tree species, we studied colonization in four 20-by 1.5-by 0.7-m experimental plots. These experimental plots were covered with translucent shade cloths to prevent beetles from escaping and others from entering the plot. We removed all debris and fallen trunks from each plot. Within each plot, we located 16 trunks at four distances from the edge of the plot: 2, 6, 12, and 18 m (Fig. 2) . Based on our Þeld observations of 61 fallen trunks in 960 m 2 from 16 transects (0.06 trunks for m 2 ), we used 18 m as the maximum distance to which the beetles would move. We decided that a density of 0.8 trunks for m 2 , placed at four distances simulated Þeld conditions, with the distances representing the range in which the beetles could Þnd new trunks for colonization under natural conditions. For statistical anal- Fig. 2 . Outline of an enclosure where the colonization experiment was conducted. The external box represents the enclosure, the smaller gray boxes denote trunks at different distances from the release point, and the number in front of the trunks shows tree species and time of death: S. mahogany (Hurricane Hugo, 1989) (1); O. krugii (Hurricane Georges, 1998) (2); S. mahogany (Hurricane Georges) (3); and C. schreberiana (Hurricane Georges) (4). Stars in the corners are release points for the beetles, and arrows suggest the direction of movement.
yses, we used two groups: near (2 m) and far (6, 12, and 18 m). The trunks ranged from 60 to 70 cm in length, and they were 20 Ð30 cm in diameter. Within each distance treatment, we placed in random order four trunks of four species separated by 10 cm; thus, the trunk species arrangement was different in each distance (Fig. 2) . The linear path to any of the four trunk species from the nearest release point was Ϸ2 m (Fig.  2) . This was guaranteed by making releases from each corner of the plot.
The tree species used were Cecropia schreberiana Miq. and Ormosia krugii Urban felled by Hurricane Georges (September 1998) with 1 yr since the fall, and Swietenia mahogany King, felled by hurricanes Hugo (September 1989) and Georges; with 10 and 1 yr since the fall, respectively. We selected these trunk species because they have high relative abundance, and we had previously found S. crenatus colonies in fallen trunks of these species.
Experimental beetles came from four localities on the Island: Lares, Carite, Sabana, and El Verde. We used individuals from different localities and a control to represent potential variation between populations for colonization behavior. We released 192 female beetles, because in a previous study, Galindo-Cardona (2002) determined that only one male was found in Ͼ1,900 individuals from 380 colonies from eight localities in Puerto Rico (Galindo-Cardona 2002) . Each experimental beetle was permanently marked with an exclusive mark by cutting small pieces of elytra (Kearns and Inouye 1993) , and each beetle was recaptured at the end of each experimental trial. Four groups, each consisting of four beetles from the same colony and location (n ϭ 16), were released at each corner of each plot. We ran this experiment three times for 3 mo each, providing sufÞcient time for beetles to lay eggs that could further develop. We considered colonization to be successful when laid eggs reached at least the larval stage (Ims and Yoccoz 1997) , and we saw adult and immature beetles. The resource hypothesis predicts that individuals would choose certain species of tree trunks regardless of distance traveled. The dispersal hypothesis predicts that colonization would be higher in tree trunks that were near the releasing point, independent of tree species. Because dispersal is linked to ßight, we examined ßight muscles of beetles in this population. We dissected and recorded the size and color of ßight muscles in 21 individuals, 16 adults (black color) and Þve young adults (dark brown color). In addition, we dissected the ovaries of these individuals, and we determined their developmental stage (unpublished data). This method was descriptive and based on the methodology published by . Developed ßight muscles are pink and underdeveloped muscles are white. Following Krause (1946 Krause ( , 1947 , oviduct morphology was observed, with a focus on examining ovaries for evidence of oviposition.
Colonization events were analyzed with chi-square analysis with two groups of distances, near and far, and three species (Zar 1984) . We included origin of population as a control for innate colonization behavior.
Using the captureÐrecapture data, we calculated the total recaptured percentage. The statistical analyses were done with STATISTICA for Windows (StatSoft 1999) and JMP5 for Windows (SAS Institute 2002).
Results
Field Study. Sixty-one fallen tree-trunks belonging to 28 species were found in the 16 sampled transects within the LFDP. Forty colonization events in 25 trunks were found (Table 1 ). The negative binomial distribution model showed that colonization events of S. crenatus in fallen tree trunks show a clumped pattern (D ϭ 0.29, P ϭ 0.01) (Fig. 3) . Cecropia schreberiana Miq. and Prestoea montana Grahan were the species with the highest numbers of fallen trunks but with the fewest colonization events: one in C. schreberiana and none in P. montana. Bess beetles seem to avoid these species ( 2 ϭ 14.94, df ϭ 6, P ϭ 0.02) (Fig.  4) . For the other tree species, preference could not be inferred because of small sample sizes.
Independent of trunk species, there was a trend for colonizing trunks with intermediate bark density ( 2 ϭ 3.36, df ϭ 2, P ϭ 0.18; n ϭ 20) (Fig. 5) . Bark densities of fallen tree trunks were variable (Fig. 6 ). There was no correlation between wood density of live tree (catalog) and bark density of dead tree (Þeld) (r ϭ 0.08, P ϭ 0.71; n ϭ 20) (Fig. 6) .
Experiment. The distance from release point was more important to bess beetles than tree species or location of origin. Fifty-eight colonization events were observed after 192 beetles from four locations (see map) were released. We found that location of origin did not affect colonization behavior (data not shown), and we report the combined results here. Colonization events were more frequent in trunks 2 m away from the release point than they were in trunks farther away ( 2 ϭ 45.57, df ϭ 1, P Ͻ 0.0001) (Fig. 7) . Fewer than half of the released individuals were recaptured, and 30% established a new colony. The analysis showed that the interaction between distance and trunk species is signiÞcant ( 2 ϭ 14.33, df ϭ 3, P ϭ 0.0025), but trunk species alone is not signiÞcant ( 2 ϭ 4.15, df ϭ 3, P ϭ 0.2455). We analyzed preference by trunk species in both distances. In the near distance (i.e., 2 m from the release point), beetles preferred O. krugii ( 2 ϭ 8.75, df ϭ 3, P ϭ 0.0031) and avoided C. schreberiana ( 2 ϭ 4.55, df ϭ 3, P ϭ 0.0330). In far distances (i.e., 6 Ð18 m), they exhibited no preference (Fig. 7) . Bess beetles preferred to colonize S. mahogany Hugo only at far distances ( 2 ϭ 45.57, df ϭ 1, P ϭ 0.2219). In contrast, for the other trunk species, beetles chose the trunks nearest to the release point (O. krugii: 2 ϭ 40.026, df ϭ 1, P Ͻ 0.0001; C. schreberiana: 2 ϭ 5.567, df ϭ 1, P Ͻ 0.0183; and S. mahogany Georges: 2 ϭ 28.210; df ϭ 1; P Ͻ 0.0001) (Fig. 7) .
Fifty-eight colonization events were observed after 192 beetles from four locations (see map) were released. We found that location of origin did not affect colonization behavior (data not shown), and we report the combined results here.
Discussion
The main result of this study is that the abundance and distribution patterns of S. crenatus are limited by both the availability of preferred tree trunks and their limited dispersal capability. We found that S. crenatus colonies are aggregated among fallen tree trunks. Our results, including the examination of the wing muscles (unpublished data), may indicate that the species has a limited mobility, as corroborated by the experimental study in which S. crenatus colonized mainly trunks near the release point.
Resource Hypothesis. We showed that S. crenatus avoids C. schreberiana and P. montana, two fast decaying tree species. Similarly, under experimental conditions, beetles colonized C. schreberiana signiÞ-cantly less than they did the other tree species of the same grade of decomposition used in the experiment. However, we found colonies of a few individuals in Cecropia and palms. It is possible these pioneer species are available for colonization during a short period and thus do not represent sufÞciently stable habitats for adults and their offspring because the bark these species disappears quickly (Southwood 1962a (Southwood , 1962b as cited in Southwood 1977) . As a result, colony establishment becomes unlikely, because the bark is needed for protection during the early stages of colonization.
Although the beetles avoided some fast-growing tree species, this behavior was not related to bark density. The trend for colonizing trunks with intermediate bark density was independent of tree species. There is a tendency to associate the wood density of live trees with colonization of bess beetles (Castillo and Reyes-Castillo 2003) . However, Torres (1994) suggested that it is more appropriate to consider wood density of dead trunks for determining habitat preference because decomposition will affect wood density. In support of Torres (1994) , we compared wood densities of live trees with bark densities of dead trees, and we found no correlation. We did not Þnd a signiÞcant relationship between bark density and beetle colonization. This may be due to changes in bark density over time or to trunks displaying different areas and states of decomposition (e.g., decomposition is faster in areas with contact to the ground). We found a higher number of S. mahogany Hugo trunks colonized in far distances. This may be because beetles released at nearer distances colonized all available trunks from the other species. Another possibility is that species-speciÞc secondary compounds or other properties of the wood or bark other than wood density may be inßuencing preference of beetles for colonization of trunks (Castillo 1987) .
Dispersal Hypothesis. The trunks provide permanent protection and food for adults and offspring, leading to avoidance of or delayed dispersal of individuals. The availability and distribution of fallen tree trunks strongly inßuence the spatial distribution of S. crenatus and affect the pattern of colonization. Trunks suitable for a colony located near the release point have higher probability of being colonized than distant logs. In our experiment, the trunks near the release point had higher probability of colonization than trunks farther away. Other studies have suggested that when passalids colonize new fallen tree trunks, the migration is either by ßying or by walking long distances (Schuster and Schuster 1997) . Our study also showed that beetles may have a low dispersal ability and that they do not have developed ßight muscles. In our experimental plots, beetles migrated by walking short distances (2Ð 6 m).
Bess beetle distribution within the experimental plot was clumped; similarly, in the Þeld, we observed a clumped distribution of S. crenatus colonies. It has been suggested that the most important distribution parameters of a species or population are distance between habitats and number of available habitats. For any species, the probability of colonization decreases as the distance between habitats increases (Hanski 1994 ). Thus, distance is an important factor in the colonization dynamics of many species (e.g., for Anobiidae in the boreal forest; Jonsell et al. 1999) . Similarly, in an experimental study, on a small scale, we have shown that beetles accept the Þrst available habitat nearest to the colonization source. However, studies from Brazil and Mexico show that the dispersal of some species of beetles occurs in open areas up to 450 m from the edge of the forest. These are species that prefer trunks from open areas (Castillo and Reyes-Castillo 2003) .
S. crenatus in Puerto Rico displays low dispersal ability, perhaps due to an anomaly in ßight muscle development. Although some adults might develop muscles to ßy, we did not Þnd any in this study. We dissected ßight muscles from 21 individuals, and all had atrophied ßight muscles. Random samples were made from individuals used in the experiments and taken from the Þeld (unpublished data). Dissection revealed that all the females with atrophied ßight muscles had developed ovaries. This might be due to a ßight ability and oviposition trade-off (e.g., Burchsted 1992, Zera and Denno 1997) . For example, in leaf-cutting ants (Holldobler and Wilson 1990) and honey bees (Winston 1987) , there is a pattern of growth and regression of ßight muscles, with the muscles developing only when dispersal is necessary. This is similar to what occurs in certain species of Passalidae, in which individuals take nuptial ßights (MacGown and MacGown 1996) . However, other passalids show vestigial wings throughout their lives (Reyes-Castillo 1970) . A possible cause of limited dispersal ability of bess beetles in Puerto Rico is an island effect in which ßight muscles never develop. In contrast, in mainland, where S. crenatus has a wide distribution it has developed ßight muscles and high mobility, like other common passalids in the eastern United States (e.g., Odontotaenius disjunctus Illiger and Popilius disjunctus Illiger) (Hunter and Jump 1964, MacGown and MacGown 1996) and in Amazonia (e.g., Passalus sp., Veturius sp., Popilius sp., and Verres sp.) (Bü hrnheim and Aguiar 1995). The presence of S. crenatus in the Antilles must be a result of dispersal by rafting or dispersal assisted by humans from their source in South America or of vicariance of a broadly spread ancestral biota. Howden (1977) found rafting in Passalidae in a study about coleopteran island biogeography in the Melanesian islands. However, the present distribution of the Antillean endemic ground beetles (Carabidae: Platynus spp.) is a consequence of vicariance (Liebherr 1988) . Nevertheless, it is necessary to test our assumption with phylogenetic studies, examining the relationship of populations of the same species on the continent.
In conclusion, our results Þt the diffusion dispersal theory (Skellam 1951 ) that dispersal of individuals occurs near the source nest. This pattern may be caused by differing individual abilities to spread (Ben-Shlomo et al. 1991 , Jonsson 2003 , resulting in some individuals that disperse farther. In addition, this pattern may reßect different colonization strategies because more mobile organisms have better chances of Þnding patches free from competitors or enemies (Hanski 1999 , Jonsell et al. 1999 . However, when individuals are dispersing they are at greater risk of predation because movement exposes them to enemies (Rankin and Burchsted 1992) .
A long-term study of S. crenatus in a tropical forest may help us predict reestablishment and growth rates of a colony in a long time scale. Because there is only one species of the bess beetles in Puerto Rico, it has little competition, and this may account for the wide distribution of S. crenatus. In addition, with the longterm studies of mainland forest dynamics in Amazonian (Brazil), Barro Colorado (Panamá), and La Selva (Costa Rica), the various associations between saproxylic organisms and fallen tree trunks can be determined and compared with those from Luquillo (Puerto Rico). The identiÞcation of the fallen tree trunks with colonies in the LFDP could be used as key points in metapopulation studies to determine colonization and extinction rates over the long term. This information will be important in understanding the population dynamics of this species on an island and will enable us to compare those with the dynamics of mainland populations. The information also may be useful in forest management.
